Graphdiyne and graphyne are carbon-based two-dimensional (2D) porous atomic lattices, with outstanding physics and excellent application prospects for advanced technologies, like nanoelectronics and energy storage systems. During the last year, B-and N-graphdiyne nanomembranes were experimentally realized. Motivated by the latest experimental advances, in this work we predicted novel N-, B-, P-, Al-, As-, Ga-graphdiyne/graphyne 2D lattices. We then conducted density functional theory simulations to obtain the energy minimized structures and explore the mechanical, thermal stability, electronic and optical characteristics of these novel porous nanosheets. Acquired theoretical results reveal that the predicted carbon-based lattices are thermally stable. It was moreover found that these novel 2D nanostructures can exhibit remarkably high tensile strengths or stretchability. The electronic structure analysis reveals semiconducting electronic character for the predicted monolayers. Moreover, the optical results indicate that the first absorption peaks of the imaginary part of the dielectric function for these novel porous lattices along the in-plane directions are in the visible, IR and near-IR (NIR) range of light. This work highlights the outstanding properties of graphdiyne/graphyne lattices and recommends them as promising candidates to design stretchable energy storage and nanoelectronics systems.
Introduction
Two-dimensional (2D) materials can be currently considered as the most appealing class of materials, stemming from their application prospects in critical technologies, such as the; nanoelectronics, nanooptics, bio-and nano-sensors, mobile energy storage/conversion systems and structural components in aerospace. The importance of 2D materials came into consideration originally after the rise of graphene [1, 2] , which exhibits uniquely high mechanical properties [3] and thermal conductivity [4, 5] and highly attractive optical and electronic properties [6] [7] [8] [9] . The great success of graphene motivated the design and synthesis of different classes of 2D materials. Despite of exceptional properties of graphene, it also exhibits some limitations for particular applications. These limitations of graphene have been acting as great motivations to search, predict, design and fabricate novel 2D materials. For example, pristine graphene does not show an electronic band-gap, which has encouraged the synthesis of novel semiconducting 2D lattices, like: transition metal dichalcogenides such as the MoS 2 and WS 2 [10] [11] [12] , phosphorene [13, 14] and 2D carbon nitrides [15] [16] [17] [18] [19] [20] . As another example, densely packed atomic lattice of defect-free graphene with all sp 2 carbon atoms, lead to moderate charge capacities for the application as anode materials for rechargeable metal-ion batteries. In this case, other 2D materials with porous atomic structures and hybrid sp and sp 2 carbon atoms, like graphdiyne [21, 22] nanosheets can yield considerably higher charge capacities than graphene for the application as anode electrodes in various rechargeable metal-ion battery technologies [23] [24] [25] [26] [27] .
Among the various classes of 2D materials, graphdiyne/graphyne full carbon and porous lattices, can serve as promising complementary materials to graphene. The interests toward these class of materials, date back to a couple of decades before the rise of graphene. In this regard, Baughman et. al [21] in 1987 predicted numerous graphdiyne/graphyne atomic lattices. Interestingly, on the basis of first-principles calculations it was known that different graphdiyne family members can exhibit semiconducting electronic character [26, 28] .
Densely packed atomic lattice of graphene limits its stretchability and results in brittle failure mechanism. On the other side, porous atomic structures of graphdiyne nanosheets can facilitate the deformation upon the mechanical loading, which can help to design foldable and stretchable devices [29, 30] . The porous lattices of graphdiyne/graphyne nanosheets also provide optimum conditions for the access to the active sites in these materials, favourable for the adatoms adsorption and diffusion, highly desirable for the design of next generation rechargeable metal-ion batteries [31] [32] [33] , hydrogen storage systems [34, 35] and catalysts [36] . Unlike the graphene, non-uniform sp and sp 2 carbon atomic types along with porous atomic structures of graphdiyne nanosheets, scatter the phonons and accordingly substantially suppress the thermal conductivity, which can suggest them as promising candidates to design carbon-based thermoelectric devices [37, 38] .
Despite of outstanding application prospects of graphdiyne/graphyne nanomaterials, their experimental realization remained a critical challenge till 2010, when for the first time a graphdiyne structure was fabricated by Li et al. [22] , employing a cross-coupling reaction using the hexaethynylbenzenethe. In 2017, Matsuoka et al. [39] reported the experimental realization of two different graphdiyne structures at a gas/liquid or liquid/liquid interface.
The method devised by Matsuoka et al. [39] has been used as a promising platform to fabricate novel graphdiyne lattices. In a very recent advance, Kan et al. [40] fabricated nitrogen-graphdiyne nanomembranes. Wang et al. [41] also most recently reported the synthesis of boron-graphdiyne nanosheets. These latest advances [40, 41] highlight the possibility of the design of novel graphdiyne nanomaterials, in which the sp 2 carbon atoms in the original graphdiyne lattices can be replaced with nitrogen or boron atoms.
Recent and continuous experimental advances concerning the fabrication of full-carbon and N-and B-graphdiyne [22, [39] [40] [41] nanosheets, reveal substantial steps toward the practical applications of these nanomaterials in various advanced and critical technologies. In our previous works, we found that N-graphdiyne [42] and B-graphdiyne [25] nanosheets show semiconducting electronic character, high stretchability, low thermal conductivity and very promising optical properties. Our density functional theory calculations have also confirmed that, B-graphdiyne [25] , N-graphdiyne [43] and N-, P-triphenylene-graphdiyne [44] can yield ultrahigh charge capacities as anode materials for different metal-ion battery technologies.
Successful synthesis of these novel nanomaterials subsequently emphasizes the importance of new studies to provide an in-depth understanding of their intrinsic properties. In addition, these advances raise a simple question concerning the stability, intrinsic properties and possibility of the synthesize of other graphdiyne/graphyne lattices. Because of the complexities of experimental fabrication and characterization techniques, theoretical studies can be considered as the fastest approaches to examine new compositions, estimate their properties, find potential applications and suggest possible synthesis routes [45] [46] [47] . In this work we accordingly predicted novel N-, B-, P-, Al-, As-, Ga-graphdiyne/graphyne nanosheets. In order to provide insight into the thermal stability, mechanical properties and electronic/optical properties of these nanomembranes, we conducted extensive density functional theory simulations. The results acquired by the first-principles simulations confirm the stability and reveal highly desirable properties of this novel class of porous 2D materials, which may serve effectively for the next generation nanoelectronics and energy storage systems.
Computational methods
Density functional theory (DFT) calculations have been performed employing the Vienna Abinitio Simulation Package (VASP) [48] [49] [50] . The DFT calculations are within the frame work of generalized gradient approximation (GGA) in the form of Perdew−Burke−Ernzerhof (PBE) [51] for the exchange correlation potential and the ion−electron interaction is treated using the projector augmented wave (PAW) [52] method. We used a plane-wave cutoff energy of 500 eV and the convergence criteria for the electronic self consistence-loop was set to be 10 -4 eV. VESTA [53] package was used for the illustration of atomic structures and charge densities as well. Energy minimized structures were acquired by altering the size of the unitcells and then employing the conjugate gradient method for the geometry optimizations.
The convergence criteria for the Hellmann-Feynman forces on each atom was taken to be 0.01 eV/Å. Mechanical properties were evaluated by performing uniaxial tensile simulations [54] . Since the PBE/GGA underestimates the band-gap values, we used the screened hybrid functional HSE06 [55] to provide more accurate estimations. For the Brillouin zone integration, a 10×10×1 Γ centered Monkhorst-Pack [56] k-point mesh was used to ensure converged electronic results within PBE and HSE06. The optical properties were estimated using the random phase approximation (RPA) constructed over PBE results. For the simulations involving the optical properties, Brillouin zone was sampled by 14×14×1 grids. A detailed explanation of optical properties calculations was described in our previous works [57] [58] [59] . Thermal stability was examined by conducting the ab-initio molecular dynamics (AIMD) simulations for the energy minimized unit-cells, using the Langevin thermostat with a time step of 1 fs and 2×2×1 Monkhorst-Pack k-point mesh size. Contours illustrate the electron localization function [61] within the unit-cell.
Results and discussions
In Fig.1 , energy minimized N-, B-, P-, Al-, As-, Ga-graphdiyne/graphyne monolayers with graphene-like hexagonal (Hex) and rectangular (Rec) atomic lattices are illustrated.
Constructed graphdiyne and graphyne nanosheets show similar atomic structures, however, the number of carbon atoms in the carbon-carbon connecting links are different. In the cases of graphyne (GR) and graphdiyne (GD) lattices, carbon links are build from 1 (2 individual C atoms) and 2 (4 individual C atoms) carbon-carbon triple bonds, respectively. To the best of our knowledge, full carbon graphyne nanosheets have not been synthesized up to now. Among the studied monolayers, only N-graphdiyne (shown in Fig. 1a and 1b) and hexagonal B-graphdiyne (shown in Fig. 1e ) nanosheets have been experimentally realized by
Kan et al. [40] and Wang et al. [41] , respectively. As it was originally explored by Baughman et al. [21] , graphyne/graphdiyne lattices may show numerous structures. In this way, in order to limit the extent of our study, we only considered two particular hexagonal and rectangular lattices for each substitutive element, as depicted in Fig. 1 . In addition, for the substitution of carbon atoms in the original graphyne/graphdiyne lattices, numerous configurations can be taken into considerations. In this work, for the P-and As-graphyne/graphdiyne structures, we only considered the replacement of the N atoms with P and As counterparts in the experimentally realized N-graphdiyne [40] sheets. Such a substitution mechanism is also in accordance with other synthesized carbon-nitride 2D materials, like; triazine-based graphitic carbon nitrides [15] and nitrogenated holey graphene [60] . A similar strategy was also considered as the basis for the construction of Aland Ga-graphyne/graphdiyne lattices, in which the B atoms in the experimentally realized Bgraphdiyne [41] are substituted with Al and Ga atoms. On this experimentally stemmed basis, the connecting links in the all graphyne/graphdiyne lattices are kept to be made entirely from the carbon atoms. More importantly, the crystallinity of all predicted nanosheets are fully preserved, meaning that the first-principles simulations over the unitcells can provide accurate estimations.
In analogy to graphene and in order to examine the anisotropy in the mechanical response, for every monolayer armchair and zigzag directions were defined (as depicted in Fig. 1 ). To briefly analyse the bonding nature in these novel 2D systems, in Fig. 1 the electron localization function (ELF) [61] within the unit-cells is illustrated, which is a spatial function and takes a value between 0 and 1. As it is clear, electron localization occurs around the center of all bonds in these nanosheets, confirming the covalent bonding. It is worthy to note that among the considered atoms for the functionalization of graphyne/graphdiyne lattices, only the nitrogen atom exhibit a higher electronegativity than carbon. Such that as shown in Fig. 1 , only for the N-graphyne/graphdiyne lattices the electron localization on the N-C bonds is extended toward the nitrogen atoms and in the rest of the cases along the heteronuclear bonds the electron localization is extended toward the carbon atoms. Worthy to note that the unit-cells of energy minimized monolayers are all provided in the supplementary information document. In Table 1 , the lattice constants of energy minimized structures and some important bond lengths are summarized. As it is clear, the maximum changes in the bond lengths are happening in the cases of carbon atoms connected to the functionalizing atoms. Interestingly, the bond lengths along the carbon-carbon links are almost unaffected for different functionalizing atoms and the maximum difference along the all constructed monolayers is less than 3%. In addition, for a particular substituting atom the corresponding bond lengths in different lattices are very close. are, respectively, the bond lengths of C-X (X=N, B, P, Al, As, Ga), C-C triple bonds and XC-C, and energy per atom of a unit-cell. For the structures with rectangular lattices, the lattice constants are given along the armchair and zigzag directions. All the energy minimized unit-cells are given in the supplementary information document Presenting good mechanical properties are critical for the practical application of a material in various devices, and these properties should be elaborately known as requirements for the engineering designs. We therefore first examine the mechanical responses of these novel carbon-based porous 2D lattices, by conducting uniaxial tensile simulations. In order to simulate the anisotropy in the mechanical responses of predicted 2D materials, the uniaxial tensile simulations were conducted along the armchair and zigzag directions. For the uniaxial tensile simulations, the periodic simulation box size along the loading direction was increased gradually. In order to observe the uniaxial stress-conditions, the simulation box size along the sheet perpendicular direction of loading was adjusted to reach a negligible stress [62] [63] [64] [65] . After the adjustments of the simulation box sizes and accordingly rescaling the atomic positions, an energy minimization step within the conjugate gradient method was conducted to allow the rearrangement of atomic positions. In order to understand the deformation mechanism in considered novel 2D materials, in The unusual mechanical response of graphyne/graphdiyne nanosheets can be mostly attributed to their porous atomic lattices and the configuration of full carbon chains with respect to the loading direction. Worthy to remind that for the most of materials with densely packed structures, like graphene, ceramics and metals, during the uniaxial loading the stretching of the structure can be achieved only by increasing the atomic distances, those oriented along the loading direction. Because of the harmonic nature of the bond stretching, the stress-strain curves usually start with linear relations. As it has been elaborately discussed in our previous works concerning the N-graphdiyne [42] and B-graphyne counterparts. With respect to the mechanical properties, nonetheless the main advantages of porous 2D materials like graphyne/graphdiyne lattices lie in their superior stretchability and flexibility, in comparison densely packed counterparts like graphene and MoS 2 . Nonetheless, the tensile strengths of graphyne/graphdiyne lattices are still among the most critical parameters for the design of nanodevices. In Table 2 we accordingly summarize and compare the strain at failures (representative of stretchability) and tensile strengths of all studied graphyne/graphdiyne nanosheets loaded uniaxially along the armchair and zigzag directions. As it is clear, B-graphdiyne with the hexagonal atomic lattice exhibits the highest stretchability among the all studied porous nanosheets. Al-and Ga-graphyne/graphdiyne nanosheets show relatively low stretchability, only slightly higher than that of the graphene.
Notably, some graphyne/graphdiyne nanosheets can exhibit remarkably high tensile strengths around 25 N/m, which are only ~35% lower than that of the graphene (~37-40 N/m [66] ). Among the all studied nanosheets, the softest structure was found to be Asgraphdiyne with the hexagonal atomic lattice, with a tensile strength of 3.9 N/m along the zigzag direction. As an interesting matter of fact, the tensile strength of As-graphdiyne is higher than that of the some densely packed 2D materials, like; stanene [67] . Remarkable mechanical properties of predicated nanosheets are not adequate to ensure their thermal stability. In addition, for most of the applications the components should be able to stay intact at high temperatures in order to avoid failure upon sudden or continuous temperature rises. To explore the thermal stability of predicted nanosheets, we conducted the AIMD simulations at the high temperatures of 1000 K and 2000 K for 20 ps. According to our results (shown in Fig. S1 ), almost all the constructed nanomembranes could stay intact at the high temperature of 2000 K. Nonetheless, As-graphyne/graphdiyne nanosheets with the graphene like lattices were found to disintegrate at 2000 K, however, they could stay fully intact at 1000 K. The AIMD results confirm the remarkable thermal stability of predicted graphyne/graphdiyne nanosheets. In order to probe the electrical characteristics of the predicted graphdiyne/graphyne nanosheets, the band structures along the high symmetry directions were calculated and As the PBE/GGA functional is well-known to underestimate the band-gap values of semiconductors, the electronic density of states were also computed using the HSE06 hybrid functional and the obtained results are depicted in Fig. S2 . Table 3 
Concluding remarks
In this work, motivated by the latest experimental advances with respect to the synthesise of full carbon-, B-and N-graphdiyne nanomembranes, we predicted X-graphdiyne (X-GD) and X-graphyne (X-GY)(X= B, Al, Ga, N, P, As) monolayers with two different hexagonal and rectangular atomic lattices. We then explored the thermal stability, mechanical properties and electronic/optical characteristics of these novel nanosheets using the first-principles density functional theory calculations. It was confirmed that the predicted porous nanosheets can exhibit remarkably high tensile strengths or stretchability. Ab-initio molecular dynamics simulations confirm the outstanding thermal stability of all predicted monolayers. Our analysis also reveals highly attractive electronic and optical properties of Ga-GD-Rec. 
